Reverse osmosis (RO) membrane exposure to bisulphite, chlorite, bromide and iron(III) was 14 assessed in terms of membrane composition, structure and performance. Membrane 15 composition was determined by Rutherford backscattering spectrometry (RBS) and membrane 16 performance was assessed by water and chloride permeation, using a modified version of the 17 solution-diffusion model. Iron(III) dosage in presence of bisulphite led to an autooxidation of 18 the latter, probably generating free radicals which severely damaged the membrane. It 19 comprised a significant raise in chloride passage (chloride permeation coefficient increased 20 5.3-5.1 fold compared to the virgin membrane under the conditions studied) rapidly. No 21 major differences in terms of water permeability and membrane composition were observed. 22
INTRODUCTION 28
Reverse osmosis (RO) membranes are commonly thin film composite (TFC) membranes 29 consisting in a polyamide (PA) active layer (~50 -250 nm thickness), supported by an 30 asymmetric polysulphone support (~ 50 µm thickness) and a non-woven polyester fabric 31 backing (~ 300 µm thickness) (Petersen, 1993) . The partitioning-diffusion process which 32 governs RO membranes water transport and solutes rejection takes place at the water-33 membrane interface (PA active layer) and across the membrane (Urama and Mariñas, 1997) . 34
The PA pore size distribution of RO membranes has been reported as bimodal, comprised of 35 smaller and larger pores (Kim et al., 2005) . The later, referred as aggregate pores, have been 36 related to void space between polymer aggregates (Coronell et al., 2008) and their size has 37 been estimated in 1.0 -1.6 nm in diameter (Saenz de Jubera et al., 2012). The smaller ones, 38 named network pores, have been associated to the interstitial space between polymer 39 branches within an aggregate (Coronell et al., 2008) and their diameter has been estimated in 40 0.4 -0.8 nm (Saenz de Jubera et al., 2012). The ionization behaviour of functional groups in 41 the PA active layer, carboxylic and amine, has been modelled by an acid-base equilibrium with 42 the aqueous solution (Coronell et al., 2008) . Ion probing experiments combined with 43
Rutherford backscattering spectrometry (RBS) have enabled the quantification of the 44 accessible deprotonated / protonated groups and thus, the determination of the associated 45 acid-base parameters, providing insights into the pore size distribution, as well as other 46 membrane properties like the total concentration of functional groups and the degree of 47 exposure one, but 1000 fold diluted in order to remove the compounds not bound to the 125 membrane. 126 
Membrane permeation experiments 130
Permeation experiments were conducted using a dead-end membrane apparatus (model 131 8050, Millipore Co.) connected to an analytical balance (BP211S, Sartorius Co.) logged into a 132 computer, as described in Saenz de Jubera et al. (2012) . A 400 mg/L sodium chloride (Sigma 133 Aldrich) solution was used to assess the chloride passage. pH was adjusted to 6.7 ± 0.2 by 134 adding sodium hydroxide and hydrochloric acid. Chlorides were analysed by ion 135 chromatography (Dionex IC S-2000 with a Dionex ion Pac As 18 column) as detailed in Saenz de 136
Jubera et al. (2012). 137
Permeation data was fitted and interpreted using a modified version of the solution-diffusion 138 model (Wijmans and Baker, 1995) accounting for imperfections in the active layer (Urama and  139 Mariñas, 1997). The water and solute fluxes through the membrane at steady state can be 140 described by Eq. 1 and Eq. 2 respectively. permeation coefficients and α is the fraction of the total product water flux corresponding to 149 advection through membrane imperfections. Δp = (pf − pp) (MPa) and Δπ = (πw − πp) (MPa) are 150 the hydraulic and osmotic pressure differences across the membrane active layer, respectively. 151 C (M) is the solute concentration, and subscripts f, w, and p refer to bulk feed solution, feed 152 solution next to the membrane wall, and permeate, respectively. The methodology used for 153 data fitting was analogous to the one described in Saenz de Jubera et al. (2012) . 154 RO membrane performance variability is a concern in membrane degradation studies; some 155 works have encountered permeation discrepancies up to 20 % between elements of the same 156 membrane name (Tu et al., 2014) . Four virgin membrane coupons were initially characterised 157 obtaining low variability in terms of water and chloride permeation coefficients: A parameter 158 did not differ more than 6 % and B, 11 % between them. Consequently, A/A0 and B/B0 values 159 ranging from 0.94 to 1.10 and 0.9 to 1.1, respectively were considered as inherent variations of 160 the membrane. 161 162
Membrane characterisation experiments 163
Triplicate air-dried samples were analysed by Rutherford backscattering spectrometry (RBS and the data obtained was fitted using SIMNRA® software. This enabled characterising the 167 composition of the membrane active layer, as described by Mi et al. (2007 Mi et al. ( , 2006 . 168
The RO membrane accessible carboxylic groups were determined by silver probing 169 experiments (AgNO3 99 %, Sigma-Aldrich), following the procedure described by Coronell et al. 170 (2009 Coronell et al. 170 ( , 2008 . Deprotonated accessible carboxylic groups were quantified in the pH range of 171 4.5 -10.5 by assuming that they were in equilibrium with the ion probe solution and that their 172 concentration was equivalent to the Ag of dissociation constants required to fit the data. As previously reported for other RO 184 membranes with fully aromatic PA active layer two dissociation constants (n = 2) resulted in 185 the most accurate representation of the experimental data (Coronell et al., 2009 (Coronell et al., , 2008 HSO3_ex-Fe-ClO2, HSO3_ex-ClO2, HSO3_ex-Fe-ClO2-Br), and the second set of samples with a 201 lower concentration than the stoichiometrically required (samples HSO3_lm, HSO3_lm-Fe, 202
HSO3_lm-Fe-ClO2, HSO3_lm-ClO2, HSO3_lm-Fe-ClO2-Br). The concentration of iron(III) was 203 well above its solubility at the working pH, 6.7, so that significant precipitation of hydroxo-204 species may have occurred (Fábián and Gordon, 1991) . 205 Table 2 shows the elemental composition of the exposed membranes, in atomic weight 
Bisulphite as excess reactant 216
The most remarkable difference between the virgin membrane active layer composition and 217 the samples e exposed to an excess of bisulphite relative to chlorite (samples HSO3_ex, 218
HSO3_ex-Fe, HSO3_ex-Fe-ClO2, HSO3_ex-ClO2 and HSO3_ex-Fe-ClO2-Br from Table 1) (Table  219 2, Figure S.1) was the iron incorporation (0.13 ± 0.02 -0.42 ± 0.07 % in atomic weight) from 220 those exposed to it (HSO3_ex-Fe, HSO3_ex-Fe-ClO2, and HSO3_ex-Fe-ClO2-Br). . Because 221 bisulphite was in excess compared to chlorite, no membrane chlorination occurred among 222 those samples exposed to chlorite (HSO3_ex-Fe-ClO2, HSO3_ex-ClO2 and HSO3_ex-Fe-ClO2-223 Br). Also, a reducing environment was created, not enabling the bromide ion to be oxidised 224 and hence, to incorporate in the membrane active layer (HSO3_ex-Fe-ClO2-Br sample). 225
The water and chloride permeation coefficients (from Eq. 1 and Eq. 2) of the exposed samples 226 are depicted in Figure 1 . From a water permeability perspective, no major changes were 227 found, with most of the samples presenting a similar water permeability coefficient to the 228 virgin membrane one (A0 = 1.46 m/(MPa·d)). Fe-ClO2-Br sample) exposure, the chloride permeation coefficient relative to the virgin 240 membrane one (B/B0) was 2.2. 241
Bisulphite as limiting reactant 242
A second set of samples with bisulphite concentration lower than the stoichiometrically 243 required to reduce chlorite was studied (HSO3_lm, HSO3_lm-Fe, HSO3_lm-Fe-ClO2, HSO3_lm-244
ClO2, HSO3_lm-Fe-ClO2-Br samples from Table 1 ). In this case, there were some differences in 245 terms of composition in comparison with the virgin membrane, particularly those exposed to 246 iron(III) (HSO3_lm-Fe, HSO3_lm-Fe-ClO2 samples), to bromide (HSO3_lm-Fe-ClO2-Br sample) 247 and to chlorite (HSO3_lm-Fe-ClO2, HSO3_lm-ClO2, samples) together with bisulphite, as shown 248 in Table 2 (HSO3_lm-Fe-ClO2-Br sample: bromide, bisulphite, chlorite and iron(III)) large amounts of 254 bromine were uptaken by the membrane, achieving 3.72 ± 0.14 % of the atomic weight of the 255 active layer. Because chlorite was in excess compared to bisulphite, bromide ion could be 256 oxidised and hence, be incorporated into the membrane. 257
In terms of water permeability, bisulphite (HSO3_lm) and bisulphite and iron (HSO3_lm-Fe) 258 Br sample) also turned out into a 2.9 fold increase in chloride permeability coefficient (Figure  281 3). and RBS analysis enabled the characterisation of the membranes composition and structure, 300 respectively, providing further insights into the degradation processes. 301
Silver probing experiments consisted in determining the titration curve of the accessible 302 deprotonated carboxylic groups in the membrane. For such purpose, it was assumed that silver 303 ions ionically bound to the deprotonated carboxylic groups as described in (Coronell et al., 304 2008), so that by quantifying the silver concentration in the active layer at different pHs, it was 305 possible to determine the ionisation behaviour of the carboxylic groups. Figure 5 presents the 306 concentration of accessible deprotonated carboxylic groups of the active layer, being higher at 307 greater pHs. The ionisation behaviour of the active layer functional groups was modelled by an 308 acid-base equilibrium, with two dissociation constants (Coronell et al., 2008) , pka1 and pka2, 309 which is consistent with a bimodal pore size distribution. A larger pore presents a lower 310 dielectric constant surrounding the functional group, and thus, the energy needed for 311 ionisation is greater, leading to a lower pka (Coronell et al., 2008) . As a result, ion probing 312 assays provide information about the membrane active layer pore size distribution, and hence, 313 by comparing the virgin and the exposed RO membranes, insights into the structural changes 314 suffered by the degraded membrane. 315
316
The RBS characterisation of the virgin membrane used (Dow Filmtec Co., LE4040) had not been 317 published before, neither in terms of chemical composition nor in pores size distribution. Its 318 composition (Table 2) 
)).). 323 324
The composition of the sample exposed to bisulphite, iron(III) and chlorite during 23 days 325 (HSO3_ex-Fe-ClO2_23d) was similar to the virgin membrane one, mainly differing in the iron 326 uptaken by the exposed sample (0.28 ± 0.04 % in atomic weight). No chlorine incorporation 327 was experienced, which is consistent with sample HSO3_ex-Fe-ClO2 and may be due to the 328 excess of bisulphite compared to chlorite, as previously discussed. 329
Before conducting the silver probing assays of the membrane exposed to bisulphite, iron and 330 chlorite for 23 days (HSO3_ex-Fe-ClO2_23d sample), its uptaken iron was diminished (from 331 0.28 ± 0.04 % to 0.07 ± 0.03 % in atomic weight) by a 2% citric acid soaking during 72h. This 332 step aimed at removing the iron to enable the ionic binding between silver ions and all the 333 accessible deprotonated carboxylic groups. RO membranes PA active layers are highly crosslinked and thus, the nonhydrated radius is the 348 ionic dimension of interest to determine the accessibility of ions (Coronell et al., 2008) . As a 349 result, iron(III) due to its ionic radius (0.063 -0.092 nm according to (Shannon, 1976) Fe(II) and S(IV) versus oxygen is important in the overall decay of the iron(III)-sulphite 388 complexes (Brandt et al., 1994) , varying the oxidation pathway with the ratio bisulphite/iron 389 (Ziajka et al., 1994) . 390
The free radicals generated in the bisulphite autooxidation catalysed by iron(III) species could 391 be the responsible for the increase in chloride passage experienced. Because of the free radical 392 nature, the process could be sensitive to time (i.e. from bisulphite mixing point to membranes 393 location), so that some full scale plants may have not been affected by this process. In addition 394 to this, due to their radical nature, membrane autopsies would not probably enable the 395 identification of the origin of the degradation. Martin and Li (1996) be envisaged, which could explain the large amount of bromine uptaken by the membrane 422 when bisulphite, iron(III), bromide and chlorite in excess were studied (HSO3_lm-Fe-ClO2-Br 423 sample). No increase in chlorine content was noticed in the RO active layer, which would be in 424 accordance with the greater affinity for bromine than chlorine reported (Kwon et al., 2011) . 425
Besides bromination, a large decrease in water passage was experienced, which could be due 426 to the collapse of the polymer chains caused by the high bromine uptake, breaking the PA 427 membrane bonds (Maugin, 2013) coupled with RBS analysis that scission of the amide bond from the PA active layer did not 461 occur, but the size of the network pores increased and the proportion of aggregate pores 462 raised. These two effects explain the increase in chloride passage experienced. . 463  When bisulphite, iron(III), chlorite and bromide were mixed the effects differed, again 464 depending on the relative quantity of bisulphite and chlorite. In both cases the chloride 465 passage increased (B/B0 2.2 -2.9). In excess of chlorite, significant bromination of the 466 membrane took place. It is thought that free radicals generated when bisulphite was 467 limiting oxidised bromide, which was uptaken by the PA. Besides bromination, a large 468 decrease in water passage was experienced. When bisulphite was in excess, because of 469 the reducing environment generated, no bromine and chlorine were uptaken by the PA, 470 and the water permeability coefficient did not differ from the virgin membrane one. 471
Taking into account the results obtained, water treatment facilities should carefully control 472 iron(III) and bisulphite dosages upstream RO membranes in order to minimise their effects. 473
The increase in chloride passage provoked when blended, under the tested conditions, may 474 lead to a chloride passage well above the process specifications, requiring premature 475 replacement of the RO membranes. Finally, the bisulphite dosage required upstream RO 476 membranes should be determined in each case in order to avoid over/under dosing which 477 could cause an undesired membrane performance as well. 
